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ABSTRACT
The main purpose of this investigation was to determine if a suitable
EDM tool could be formed by the sintering of electrically conductive
powders. Tools of sintered graphite, tungsten, copper, zinc, copper-
graphite, copper-tungsten, and tungsten graphite were tested by
machining unhardened tool and die steel while operating in standard
polarity.
Experimental results show the tungsten electrode had the lowest
Wear Ratio of all (.02-1.0), while the worst performance was exhibited
by the graphite electrodes which D.C. arced as soon as machining was
begun. The copper electrode produced a Wear Ratio of -.3, while the
other electrodes had Wear Ratios generally greater than one.
Results in general show that Wear Ratio decreases with increasing
melting temperature of the tool. Wear Ratio also decreases as the
density of a given material increases.. The Wear Ratio of a composite
tool also has a greater dependence on the strength of the sintering bond.
Thesis Supervisor: Prescott A. Smith
Title: Professor of Mechanical Engineering
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NOMENCLATURE
a Cross-Sectional Area (inch 2
A Average Gap Current (Amps)
ET Tool Erosion Rate (inch 3/min-amp)
E Workpiece Erosion Rate (inch 31m-amp)
L Length (inch)
pT Density of Tool (lb/inch 3
pW Density of Workpiece (lb/inch 3
t Time (min.)
T Temperature (*F)
(M T Melting Temperature of Tool (*F)
(T ) Melting Temperature of Workpiece (*F)
V Volume (inch3 )
v Average Gap Voltage (volts)
WR Wear Ratio (inch 3/inch3 )
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I. INTRODUCTION
The recent development of harder and tougher manufacturing
materials, such as the high nickel content aircraft steels, has
precipitated a minor revolution in manufacturing methods. The shaping
of these materials precludes the use of almost all conventional
manufacturing processes; that is, processes in which the tool material
is harder than the workpiece material. The failure of conventional
manufacturing processes to machine these new materials has brought
about the refinement of a group of processes known as unconventional
manufacturing processes. This group of unconventional processes
includes such processes as Electrical Discharge Machining, Electro-
Chemical Machining, Electro-Chemical Grinding, and Ultrasonic Machining.
Probably the best known and widest used of the unconventional
processes is that of Electrical Discharge Machining or EDM as it is
better known. EDM is not a recent development, however, as the first
working theories were postulated by the Russian brothers, B. R. and N. I.
Lazarenko in 1943 . It has only been in recent years, however, that
any attention has been paid to EDM.
I.I. Description of EDM
A concise description of EDM can be found in Cook 2, while more
detailed analyses can be found in Lazarenko 3, Berghausen et al 4, and
Livshits 5. Briefly, EDM utilizes the electro-erosive effect of
multiple spark discharges to erode a workpiece material into a certain
shape. A tool electrode and a workpiece are submerged under a dielectric,
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usually a hydrocarbon oil, and a time varying D.C. voltage is applied
across the two electrodes. This voltage causes the dielectric to
"breakdown" or ionize, thus providing a path for electrical discharge
between the two electrodes.
The electrical discharge removes a minute amount of work material
by melting the metal. The temperature of the discharge is postulated
to be between 10,000 and 20,000*F. The multiple spark discharges in
effect reproduce the tool configuration in the work material. The
dielectric, besides providing the path for discharge, also cools the
electrodes and helps to flush eroded material out of the gap.
EDM's great versatility lies in the fact that it is able to
operate efficiently on any material which will conduct an electrical
current. The hardness of the material has very little effect, whereas
the melting point of the material is generally accepted as the more
important property. While EDM's avility to machine even the hardest
metals is a great inducement for using EDM, of equal or greater
importance is its ability to sink cavities and holes of the most
intricate shapes. This ability to machine intricate shapes is made
possible since there is no actual force exerted between tool and work.
This absence of cutting forces also allow the use of such inexpensive
and easy to machine tool materials such as copper, brass, and graphite.
The erosion of material in the EDM process is not limited to the
workpiece. The same forces which act on the workpiece also act on the
tool. Tool wear is a major problem in EDM machining, and it is
especially discouraging to die and mold manufacturers, who must use
several tools to sink one cavity to the proper size. Tool wear has
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been decreased somewhat due to the use of the graphite electrode in
reverse polarity machining. This reverse polarity or "no wear"
machining has been the subject of several projects here at M.I.T.,
including works by Juvkam-Wold 6,7 and Viswanathan8
1.2. Outline of Experimental Program
We felt that an imperical investigation of the behavior of
different tool materials operating in standard polarity, that is with
the tool negative and the workpiece positive, would be a helpful
addition to the present information on EDM. Specifically, we felt that
it would be worthwhile to investigate the use of electrodes made of
various powders which had been pressed and sintered into a given shape.
Various combinations of copper, graphite, tungsten, and zinc powders
were to be formed into electrodes and tested while recording the wear
and machining characteristics of each. Tests using commercial graphite
and cold drawn rods of copper, brass, steel, and aluminum were to be
run as control tests.
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2. EXPERIMENTAL APPARATUS
The experimental apparatus consisted of an Electrical Discharge
Machine, a power supply, oscilloscope, and a beam balance. A
diagram of the system is shown in Fig. I.
EDM FLUID
FIG I. DIAGRAM OF EDM APPARATUS
UNDER STANDARD POLARITY.
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2.1. Electrical Discharge Machine
The EDM machine used throughout the project was the Cincinnati
Little Scotsman EDM Machine, constructed by Cincinnati Milacron, Inc.
This was an excellent bed-type, ram head machine. A fixture for
holding the tests specimens was constructed and mounted inside the
tank of the machine. All specimens were covered by at least one inch
of dielectric during tests and the dielectric in this case was
Spinesso 34, a hydrocarbon oil (similar to light spindle oil) sold
especially for EDM use. The tool was fed into the work by a servo
controlled ram, the feed being controlled by the operator varying a
reference voltage across the tool and workpiece.
Also provided on the machine were valves for quick filling and
emptying the tank, circulating pumps, and lines for either pressure
flow or vacuum flow of the dielectric through the gap. Filters are
also provided to remove the eroded electrode material from the dielectric
since it is generally accepted that contaminated fluid does not work
as well as clean fluid.9
2.2. Power Supply
The power supply was the Cintrojet 160 solid state power supply,
also built by Cincinnati Milacron, Inc. The frequency of the pulses
supplied by the power supply could be continuously varied from .17 kHz
to 400 kHz. The time that voltage is applied across the gap and the
time that there is no voltage can be set independently of each other.
The maximum amperage supplied by the power supply was approximately
70 Amps, not continuously variable. Also supplied with the power
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supply were meters for measuring the average gap current and voltage.
2.3. Tool and Workpiece Description
It was decided that the tool and work configuration should be
kept as simple as possible, thus the tool shape settled upon was a
cylindrical rod approximately 1/2 inch in diameter. The workpiece was
standardized as a piece of flat bar stock I inch x I inch x 1/2 inch.
A 1/8 inch hole was provided for the dielectric flow. With a workpiece
specimen mounted in the fixture, dielectric was allowed to flow through
the fixture and up through the pre-drilled hole in the specimen. A
schematic of the tool-workpiece arrangement is provided in Fig. 2.
WORKPIECE
1.0" x I.Ox 0.5".
TOOL
0.50" DIA.
DIA.
DM FLUID FLOW
FIG 2. GEOMETRY OF TOOL AND WORKPIECE.
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3. EXPERIMENTAL PROCEDURE
3.1 Determination of Machining Parameters
The number of machining parameters, both independent and dependent,
is quite large in EDM. The list included the following:
Independent Dependent
Gap Voltage Wear Ratio
Gap Current Tool Erosion Rate
On Time Workpiece Erosion Rate
Off Time
Frequency
Dielectric Flow
Some of the above independent variables are limited in value in
that they must be set to give maximum stability of cut. It is also
true that if any two values of the frequency, ON time, and OFF time are
arbitrarily set, then the other variable is also determined. A
typical gap voltage wave form as observed on a Tektronix Cathode Ray
Oscilloscope, appears in Fig. 3.
From Fig. 3, we find that the frequency is merely the reciprocal
of the sum of the ON time and the OFF time.
ON + tOFF
Another relation worth noting is that of duty cycle, which is defined
as the per cent ON time.
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w
0
0-
TIME
TON TOFF
FIG 3. SCHEMATIC OF GAP VOLTAGE
VERSUS TIME.
Duty Cycle = ON X 100% (2)
ON + tOFF
It was not the intent of this program to study the electrodes'
responses to either frequency changes or changes in duty cycle, thus
these values were kept the same for all tests. It is known that
metallic electrides react more favorably to high frequency machining
while graphite electrodes machine better at a somewhat lower frequency
in standard polarity. Tests were run with each electrode at two
different frequencies, namely 50 kHz and 5kHz. The 50 kHz figure was
arrived at arbitrarily while the 5 kHz figure was found by Juvkam-Wold10
to be the best frequency for graphite machining steel.
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The duty cycle was also kept the same for almost all the test runs.
The duty cycle was set at 67% ON time and 33% OFF time. These values
were recommended by Cincinnati Milacron, Inc. Cincinnati recommends
the above value for duty cycle when using the EDM machine in a high
amperage, roughing situation, which is what we were interested in. The
ON and OFF times, and also the frequency, were set while viewing the
wave form on the oscilloscope.
The gap current was set at a maximum for each run. This value
varied for different tool materials. The gap current was read directly
off the meter supplied with the power supply. The dielectric flow also
had to be determined. Since the tests were roughing cuts in standard
polarity, a substantial value of flow was desired. A flow of 10 psig
was found to be sufficient.
3.2. Description of Experimental Electrodes
Two series of tests were run, one set dealing with bar stock
electrodes, and one set dealing with pressed and sintered powder
electrodes. All tests were run using the same workpiece material. The
workpiece material chosen was a high chrome, high carbon tool and die
steel. The material was marketed:under the tradename Airdi 150 Tool
Steel, by the Crucible Steel Company of America. The material was cut
into I inch x I inch x 1/2 inch test specimens and the paint and oxide
layer was ground off to allow positive electrical conduction. The
material was unhardened, but it has been shown that there is only
negligible machining differences between hardened and unhardened
specimens of the same material.12
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The powders used in the sintered electrode tests were copper, zinc,
tungsten, and graphite. These powders were sintered both in pure form
and in various combinations of two powders. A hardened steel die and
plunger assembly was made to mold the powders and a tensile compression
tester was used to perform the actual pressing. The powders were pressed
at two different pressures, namely 40,000 psi and 60,000 psi. These
pressures were chosen as being typical of powder metallurgy pressures in
our readings.13 Blending of two different powders was done mechanically
by hand, nor were any binders used which might cause resistance to
electrical current flow. The powders were sintered after removal from
the die. The powders were mixed and pressed in the following
combinations:
100% Graphite powder @ 40,000 and 60,000 psi
100% Graphite flakes @ 60,000 psi
100% Zinc powder @ 40,000 and 60,000 psi
100% Copper powder @ 40,000 and 60,000 psi
100% Tungsten powder @ 40,000 and 60,000 psi
50% Graphite powder - 50% Copper powder @ 60,000 psi
33% Graphite powder - 67% Copper powder @ 60,000 psi
50% Copper powder - 50% Tungsten powder @ 40,000 and 60,000 psi
67% Copper powder - 33% Tungsten powder @ 40,000 and 60,000 psi
50% Graphite powder - 50% Tungsten powder @ 60,000 psi
67% Graphite powder - 33% Tungsten powder @ 60,000 psi
33% Graphite powder - 67% Tungsten powder @ 60,000 psi
All percentages are expressed as per cent of total volume. Sintering
was performed in two different furnaces. The graphite and tungsten
specimens were sintered in a vacuum furnace at a temperature of 4000*F
for a time of onehour. This temperature represents approximately 65%
of the melting temperature of tungsten and graphite. The pure copper
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specimens were sintered at 1500*F for I hour. This temperature repre-
sents approximately 75% of the melting point of copper. The zinc
specimens were sintered at 600*F for I hour, or approximately 76% of the
melting temperature of zinc. Those specimens containing copper and some
other material were sintered at 1800*F for 2 hours, this temperature
being 91% of the melting temperature of copper.
The tungsten and graphite specimens were sintered in a vacuum
furnace and thus oxidizing was not a problem; the other specimens were
sintered in a furnace with a natural atmosphere and oxidizing did occur.
The oxide layer of these specimens was turned off on a lathe. Since
making large specimens would have required a large quantity of powder,
it was decided to make small slugs and mount them on some other material
to give the whole tool a sufficient length to mount in the machine. The
smali slugs of sintered electrodes were mounted end to end on a length
of copper bar stock 1/2 inch in diameter. The specimens were mounted
with Eastman 910 Conducting Adhesive. The continuity of the joint was
checked on an ohmeter and the resistance across the joint was found to be
negligibly small. The resistance across the specimens was also found
to be negligibly small. The properties of all electrodes tested can be
found in Appendix 11.
3.3. Measurement of Tool and Workpiece Erosion
The dependent variables which are of most interest in any EDM
study are the Wear Ratio, W, the Tool Erosion Rate, ET, and the Work-
piece Erosion Rate, E . The Wear Ratio is defined as follows:
= Volumetric Erosion of the Tool
Volumetric Erosion of the Workpiece (3)
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The Tool Erosion Rate is defined as the volumetric wear rate of the tool
in in 3/min-amp; while the Workpiece Erosion Rate is defined as the
volumetric erosion rate of the workpiece in in 3mMin-amp. The volumetric
changes in the tool and workpiece were found by weighing each specimen
before and after a test and dividing the change in weight by the
respective densities. The densities for each material were found
experimentally, and those materials of a porous nature such as graphite
were pre-soaked in oil to prevent them from soaking up oil during the
test and thus giving an erroneous weight change. All time readings
were taken on a stopwatch, and were of a sufficient duration to
eliminate any transient response.
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4. EXPERIMENTAL RESULTS
Graphical plots of the experimental results are listed in the next
two sections. The details of each run can be found in Appendix I.
Since it has been postulated that the main machining parameter is the
melting temperature of the materials involved, we felt that an imperical
plot of Wear Ratio and Erosion Rates versus some non-dimensional factor
containing the melting temperatures of the tool and workpiece would show
some correlation of data obtained. Figures 4, 5, 6, 7, 8, and 9 are
log-log plots of Wear Ratio and Erosion Rates versus a non-dimensional
melting temperature, (T m) /Tm) *
mT m
4.1. Results of Bar Stock Electrode Tests
The variations of Wear Ratio, Tool Erosion Rate, and Workpiece
Erosion Rate for the bar stock electrodes are shown in Figures 4, 5, and
6. The relationship of decreasing Wear Ratio with increasing melting
temperature is generally preserved. The two exceptions are the graphite
electrodes and the steel electrode. The steel electrode having the
largest variation from predicted behavior.
The copper electrode was tried at both 50 kHz and 5 kH with both
67% and 33% duty cycles. The results were contrary to what is expected
since the copper at 5 kHz gave a lower Wear Ratio than that at 50 kHz'
The machining at 50 kHz was very stable, however, while that at 5 kHz
was quite erratic. This erratic machining was marked by very low
Erosion Rates. The performance of the copper-tellurium parallels that
of the copper.
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FIG 6. BAR STOCK ELECTRODE WORK PIECE EROSION RATES.
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The brass rod performed in a most stable manner at both 50 and 5
kHz, contrary to the copper rod. The brass rod has a somewhat lower
Wear Ratio at 5 kH and a substantially higher Workpiece Erosion Rate.
z
The aluminum electrode was totally useless as it was consumed
while failing to machine the steel to any extent. The steel electrode
proved to be unworkable as an electrode for machining steel since its
Wear Ratio was greater than 2. Common sense would predict that a Wear
Ratio of approximately I should be obtained. The tests do show that the
Wear Ratio increased with decreasing duty cycle, as is the general case
with the other electrodes tested.
The two graphite materials tested performed as expected. The Wear
Ratio for both went down as the frequency went from 50 kHz down to 5 kHz
The Workpiece Erosion Rate increased greatly with the decrease in
frequency, going up by nearly a factor of 2. Another expected result
was the fact that the kk#10, the denser graphite, electrode had the lower
Wear Ratio and also the lower Workpiece Erosion Rate than the kk#8 elec-
trode. Rounding of the edges of the graphite electrodes was more
noticeable than in the case of the metallic electrodes.
4.2. Results of Sintered Electrode Tests
The results of the sintered electrodes proved disappointing, since,
with only a few exceptions, the Wear Ratios obtained were much larger
than I, see Figures 7, 8, 9, and Appendix 1. In almost all cases the
machining conditions were very unstable and the average gap currents
were very low. Physical rounding or edge wear was very pronounced in all
of the electrodes except the tungsten specimens and the zinc specimens.
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FIG 8. SINTERED ELECTRODE TOOL
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FIG 9. SINTERED
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The sintered copper electrodes performed acceptably with Wear Ratios
on the order of .3. The denser specimen had consistently lower Wear
Ratios and higher Workpiece Erosion Rates. The sintered copper
electrodes also exhibited lower Wear Ratios and higher Workpiece Erosion
Rates at 67% ON time than at 50% ON time. The densities of the copper
powder electrodes were on the order of 88% to 93% that of cold drawn
copper. Rounding of the edges of the sintered copper electrode was
also quite a bit more pronounced than in the solid rod electrode. The
stability of cut of the sintered copper electrodes was high compared to
that of the other sintered electrodes, and the gap amperage was on the
order ot 3 to 5 times that of the others.
The sintered zinc electrodes were totally ineffective in machining
the steel workpiece. The Wear Ratios experienced went from 13 to 58,
and few tests were run as it was deemed useless. Gap current ran high
for both densities, and the higher density electrode proved to have a
lower Wear Ratio by a factor of over four. The response of the sintered
zinc electrodes was not unexpected, due to zinc's extremely low melting
point.
Perhaps the most disappointing of all the sintered electrodes tested
were the graphite powder and flake electrodes. These electrodes proved
totally unworkable since they began to D.C. arc as soon as any current
was applied to the gap. D.C. arcing and flaking are characteristic of
graphite electrodes, but usual ly only at very high frequencies. The
sintered graphite electrodes arced at both frequencies. D.C. arcing is
characterized by a portion of the graphite bridging the gap and causing
a short circuit. When D.C. arcing occurs, machining is impossible. The
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densities of the sintered graphite electrodes were almost equal to those
of the commercial graphite electrodes; however, the structural rigidity
and hardness of the sintered graphite was noticably less than that of
the commercial electrodes. Tests run in reverse polarity with the
sintered graphite electrodes produced the same D.C. arcing as those
run in standard polarity.
The sintered tungsten electrodes performed extremely well as far
as Wear Ratio went, and this was expected according to tungsten's high
melting temperature. Wear ratio decreased as the density increased and
as frequency increased from 5 kHz to 50 kHz. The machining stability
of the tungsten electrodes was low, as was gap current. Rounding was
negligible, however. Limited tests in reverse polarity gave good results
at 5 kHz with Wear Ratios around .1.
The sintered graphite-tungsten composites exhibited Wear Ratios from
1.8 to c. The Wear Ratio increased as the tungsten content increased,
but D.C. arcing was never a factor, not even with the 67% graphite,
33% tungsten electrode. The composite exhibited the characteristic of
the graphite in that it machined better at 5 kHz than at 50 kHz, as
long as the graphite content was equal to or greater than the tungsten
content. The 33% graphite, 67% tungsten electrode machined better at
50 kHz than at 5 kH z. Rounding of edges was very noticible, and particles
of tool electrode many times the size of single powder grains were found
to be washed out of the gap.
The sintered copper-tungsten electrodes exhibited Wear Ratios ranging
from .8 to 3.3. The Wear Ratio decreased with increasing density,
increasing tungsten content, and decreasing frequency. The first two
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results are expected, however the third result is opposed to the results
of the pure copper and pure tungsten electrodes evaluated separately. As
in the graphite-tungsten electrodes, sizeable particles of tool material
were found to be washed out of the gap. Rounding of edges was again
very noticeable. A surprising result is that the density of the copper-
tungsten electrodes was less than that of the sintered copper electrode,
even though the copper-tungsten electrode was 50% tungsten by volume.
This fact seems to suggest that the copper and tungsten powders do not
flow well when mixed and pressed. The low density indicates a large
void fraction in the final composite leading to a low strength matrix
when sintered. The 67% copper, 33% tungsten composite had an extremely
low density considering the components indicating that the lower the
tungsten component, the worsr the flow characteristic of the composite
under pressure.
The Wear Ratios of the copper-graphite composites ranged between
1.8 and 2.7. The Wear Ratio decreased with increasing copper content,
decreased with increasing frequency for the 50% copper, 50% graphite
electrode, and increased with increasing frequency for the 67% copper,
33% graphite electrode. As before sizeable particles of tool material
were found to be flushed from the gap, and rounding was quite noticeable.
There was an inconsistency in densities between the two electrodes
tested, since it was observed that the electrode which started with the
most copper had the lower density. A possible explanation is that of the
copper segregating from the graphite during mixing or sintering and its
subsequent removal as an oxide layer.
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5. DISCUSSION OF RESULTS
The melting temperature of the tool electrode seems to be the
important property when considering tool wear; however, this is more
readily exhibited in the bar stock electrodes than in the sintered
electrodes. While melting temperature is important, it appears that
other factors must be taken into account. While the Wear Ratio de-
creases with increasing melting temperature, it also appears to decrease
with increasing tool density. This density relationship is quite
prevalent in the case of the sintered electrodes.
5.1. Discussion of Bar Stock Electrode Results
The bar stock electrodes follow the general pattern of decreasing
Wear Ratio with increasing melting temperature, except for the steel
and graphite electrode. Our theory predicts that the graphite electrodes
with their extremely high melting temperatures (- 6200*F) would have
the lowest Wear Ratio of those electrodes tested. There are two
explanations which seem to explain the discrepancy and the real answer
may include some combination of the two. First, when the discharge
bridges the gap between electrodes, a minute quantity of workpiece is
melted and through various means ejected from the work surface. This
amount of workpiece material resolidifies into a spherical particle
very soon after being flushed into the gap. This small spherical
particle has a positive charge on it in standard polarity machining,
and thus is attracted to the negatively charged tool. 4 With a high
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dielectric flow, as was used in the tests, most of the removed material
is flushed from the gap; however, some particles bombard the tool
causing a type of abrasive erosion of the tool electrode. It is our
opinion that the metallic electrodes are effected to a lesser extent
than the graphite electrodes, this being due to the considerable
difference in surface hardnesses of graphite and metallic electrodes.
It is well to note that when machining in reverse polarity, this
transport of workpiece material to tool electrode is encouraged by
using very low frequencies, long ON times, and low dielectric flow, the
idea being to plate workpiece material onto the tool electrode. If the
machining variables are set in a certain way, then growth of the tool
has been observed to happen. The major drawback in using reverse
polarity machining is that due to the high energy per pulse, surface
finish is extremely rough being on the order to 200-250 y inches.
A second explanation for the higher than expected Wear Ratio of
graphite deals with the dielectric flow. Since a substantial dielectric
flow is needed in standard polarity machining to remove eroded material
from the gap, a pressure flow of 10 psig was used in all tests. It
was also noted that more edge rounding was noted on the graphite electrodes
than on the metallic electrodes. The dielectric flowing out of the gap
would contain the already mentioned particles of eroded workpiece
material suspended in solution. As this dielectric flows it appears
as an abrasive stream of fluid, much like a sandblasting operation, to
the tool electrode, and it seems reasonable to assume that as the tool
moves down into the workpiece, the velocity of this abrasive stream
increases at the corner edges of the tool, thus causing rounding at
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these areas. Graphite with its lower density and structural strength
would be expected to wear more than the metallic electrodes under the
influence of this abrasive stream of dielectric.
The results of the steel electrode are very much out of line with
expected values. The following relationship for the Wear Ratio, WR of
15
metallic electrodes has been determined by Berghausen et al:
(T M
W= 0.445 MT (4)R (T )S W-
This relationship yields a value of WR = .5 analytically while a value
of approximately 2 was obtained experimentally. We can think of no
reason for this large disparity other than there being some inherent
discontinuity when machining one material with the same material. The
fact that the workpiece material had 11.5% chrome while the mild steel
tool electrode had none may have made the difference.
5.2. Discussion of Sintered Electrode Results
The sintered electrodes, in general, exhibited the same Wear Ratio
response to increasing melting temperature and density. The low Wear
Ratio of the tungsten electrodes is completely explained by tungsten's
high melting temperature (TM = 6170*F) and its extremely high density,
while the high Wear Ratio of the zi-nc electrodes is due to zinc's very
low melting temperature (TM = 786*F) and low density. The copper
electrodes appeared to be density dependent as the Wear Ratio decreased
as density increased. The composite electrodes appeared to follow the
same general response as the copper electrodes.
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When a dry powder is compressed under a high pressure, the powder
granules must flow over each other for the pressure to be equalized.
When there are no binders or lubricants present, density is not as
uniform as we would like it to be. The resulting slug may be more dense
at one end than at the other. The problem of powder flow is especially
aggravated when two powders such as copper and tungsten are mixed
together and pressed. Besides possible variations in density, the
compacted slug has a large void fraction, that is the slug is very
porous. When the slug is sintered we want the grains to grow and thus
fuse the powder particles together such that the original powder
particles are formed into a homogeneous whole. Voids, however, hinder
this fusion and thus the resulting structure does not have the strength
of a cold drawn rod.
The inability to fuse into a whole is especially prevelant in the
copper-graphite and copper-tungsten composites, where two materials of
such disparate melting temperatures are combined. It was stated above
that particles many times larger than the component powders was found
to have been flushed from the gap during the tests of copper-graphite
and copper-tungsten. It is our opinion that these particles were
composed of particles of the higher melting point component surrounded
by copper. As the composite tool wears, the copper bonding matrix
melts first, and because of the high void fraction of the composite, is
removed along with a particle of graphite or tungsten. Thus the composite
tool wears because the copper matrix is very weak and melts first,
whereas the graphite or tungsten is not being melted, but is carried
off with the copper.
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As round-off of corners was very much prevalent in the composites,
these explanations of the abrasive erosion of the tool electrode by the
dielectric and the eroded workpiece material also apply. The increased
rounding of edges and increased Wear Ratio of the sintered copper
electrode versus the bar stock electrode seem to be explained by the
reduced strength and surface hardness of the sintered electrode due to
the high void fraction.
The D.C. arcing characteristic of graphite electrodes is not an
unknown phenomenon; however, it is our opinion that the problem lay in
the sintering technique. As stated before the compacted slug has a
high void fraction, and when these specimens were sintered, they were
placed in a vacuum furnace. The vacuum caused the air in the voids to
escape outward at a terrific speed. Due to the very low density of
graphite and its poor self-bonding qualities, the whole structure of
the slug was weakened. This weakened structure eventual ly led to flaking
and from there to D.C. arcing. As important as the weakened structure
is the fact that the graphite was sintered for only one hour at 4000*F
which is only 67% of the melting temperature of graphite. Graphite
requires quite a bit higher sintering temperature, as much as 90% MT
which was not obtainable with the facilities at hand, for a period on
the order of a day. The dielectric flow was probably able to flush
large enough particles of graphite into the gap to cause a short
circuit and D.C. arcing.
The bond of the graphite-tungsten composite was probably similar to
that of copper-graphite in that only the tungsten was acting as the
sintering bond. Most of the graphite was probably eroded away without
performing any machining, thus accounting for the high Wear Ratio.
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6. SUMMARY
The use of pressed and sintered electrodes in EDM machining while
in standard polarity is feasible, but many refinements must be made in
sintering before sintered electrodes can compete performance-wise
with bar stock electrodes.
The lowest Wear Ratio of any electrodes tested was the sintered
tungsten electrode. The next lowest Wear Ratio was registered with a
copper bar stock electrode. If the two preceding electrodes, the
copper one had the most stable machining characteristic by far. The
most stable cut of any sintered electrodes was obtained with the
sintered copper electrode.
The Wear Ratio of the bar stock electrodes tested showed a definite
decreasing relationship with increasing melting temperature and with
increasing density. The same relationship is shown by the sintered
electrodes. The sintered graphite electrodes proved unusable as
sintered, since D.C. arcing occurred at the start of machining. Of the
composite electrodes tested, the copper-tungsten electrodes exhibited
the lowest Wear Ratio. It is well to note that even though the
sintered tungsten electrode had the lowest Wear Ratio of any electrodes
tested, it is still unworkable as an electrode material primarily due
to the high cost of the powder (~ $16 per pound) and the unavailability
of the furnace needed to reach the high temperature required to sinter
tungsten. The latter reason also rules out graphite and tungsten-graphite
composites as being feasible.
.. ... 
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We feel that the best sintered electrode tested was the copper
electrode, which with more careful sintering techniques would have
produced even lower Wear Ratios. An increase in compacting pressure
would also help by producing a higher density electrode.
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7. RECOMMENDATIONS
The subject of sintered electrodes has only been scratched in
this project. We feel that it would be worthwhile to perform some of
the experiments carried on in this work employing better sintering
techniques especial ly with the idea of using a controlled atmosphere of
hydrogen in the furnace. We also feel that a complete study of sintered
electrodes while machining in reverse polarity would also be worthwhile.
We especial ly feel that a sintering technique known as the press-sinter-
infiltrate method in which either tungsten or graphite are compacted and
then infiltrated with molten copper. We feel that the resultant filling
of all voids by copper would create a most excellent electrode.
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APPENDIX I
Experimental Data
TABLE I
Tests Using Bar Stock Electrodes and Unhardened Airdi 150 Steel Using Standard Polarity
Material
Copper
Copper
Copper
Copper
Copper-Tel lurium
Copper-Tellurium
Brass
Brass
Brass
Brass
Aluminum
Frequency
kHz
50
50
5
5
50
50
50
50
5
5
50
Duty Cycle
67
50
67
50
67
50
67
50
67
60
67
Current
Amps
35
25
6
5
35
27
38
29
36
29
15
Wear Ratio
in 3 n
0.148
0.171
0.109
0.291
0.142
0.160
0.487
0.524
0.453
0.519
16.246
Tool Erosion Workpiece
Rate Erosion Rate
10 5in 3 105 in3
min-amp min-amp
3.7 24.3
4.0 28.1
1.0 9.2
3.2 11.0
3.4 25.1
4.0 24.9
15.5 31.8
13.2 25.2
16.7 36.9
17.9 34.8
77.1 4.7
Run No.
14
21
64
641
15
22
16
23
65
66
17
TABLE I (continued)
Tests Using Bar Stock Electrodes and Unhardened Airdi 150 Steel Using Standard Polarity
Duty Cycle Current
Amps
Wear Ratio
in3/in3
9.319
1.976
2.047
0.217
0.191
0.209
0.156
Tool Erosion Workpiece
Rate Erosion Rate
5 3 -5 310 in 10 in
mdn-anp min-amp
93.3
25.1
24.4
5.7
10.2
5.6
7.0
10.0
12.7
12.2
26.1
53.4
26.8
45.3
Run No. Material
24
18
25
19
26
20
27
Aluminum
Steel
Steel
kk#8
kk#8
kk#10
kk# 10
Frequency
kHz
50
50
50
50
5
50
5
TABLE I I
Tests Using Sintered Electrodes and Unhardened Airdi 150 Steel Using Standard Polarity
Material
Copperl
Copper'
Copper
Copper2
Copper2
Copper 2
Copper2
Zinc
Zi nc2
Tungsten
Tungsten
Tungsten2
Frequency
kHz
50
50
50
50
50
50
50
50
50
50
5
50
Duty Cycle Current Wear Ratio
Amps in3/in3
12
15
22
12
18
20
20
30
15
3.5
4
4.5
0.366
0.356
0.460
0.359
0.325
0.313
0.284
57.750
13.222
0. 113
0.091
0.022
Tool Erosion Workpiece
Rate Erosion Rate
10-5 in3  10-5 in3
min-amp min-amp
11.8
1 1.5
9.0
12.6
9.0
8.0
8.0
154.0
158.7
2.0
3.0
0.1
32.3
32.2
19.5
35.2
27.7
25.6
28.0
2.7
12.0
17.8
2.8
4.0
Run No.
28
30
32
29
31
33
61
34
35
39
41
40
TABLE lI (continued)
Tests Using Sintered Electrodes and Unhardened Airdi 150 Steel Using Standard Polarity
Duty Cycle Current
% Amps
Wear Ratio
in3/ in3
Tool Erosion Workpiece
Rate Erosion Rate
10-5 in3  10-5 in
3
min-amp mwiin-amp
Tungsten2
Graph i te-Tungsten3
Graphite-Tungsten3
Graphite-Tungsten4
Graph i te-Tungsten4
Graph i te-Tungsten5
Graphite-Tungsten5
Copper-Tungsten6
Copper-Tungsten 6
Copper-Tungsten7
Copper-Tungsten7
Copper-Tungsten8
Run No. Mater i a I
Frequency
kHz
42
43
46
44
47
45
48
49
53
50
54
51
67
67
67
67
67
67
67
67
67
67
67
67
4
6
4.5
2
6
5
4.5
4
7
8
7.5
6.5
0.310
2.727
3.000
1.818
4.295
0O
58.750
3.305
3.063
0.779
0.890
0.807
2.2
40.0
48.9
10.0
I 36.7
66.4
86.7
48.7
59.4
18.5
24.8
14.2
7.2
14.7
14.0
5.5
31.7
0.0
1.6
14.7
19.4
23.8
27.9
17.5
TABLE II (continued)
Tests Using Sintered Electrodes and Unhardened Airdi 150 Steel Using Standard Polatiry
Duty Cycle Current
Amps
Wear Ratio
in3/in3
Tool Erosion Workpiece
Rate Erosion Rate
10-5 in3  10-5 in3
min-amp min-amp
7.5
4.5
Copper-Tungsten8
Copper-Tungsten 9
Copper-Tungsten9
Copper-Graphite 10
Copper-Graphite 10
Copper-Graphite I
Copper-Graphite I
Compacted at 40,000 psi
Compacted at 60,000 psi
50% Graphite - 50% Tungsten
67% Graphite - 30% Tungsten
33% Graphite - 67% Tungsten
67% Copper - 33% Tungsten
50%
50%
67%
50%
67%
60,000 psi
60,000 psi
60,000 psi
40,000 psi
Copper - 50% Tungsten
Copper - 50% Tungsten
Copper - 33% Tungsten
Copper - 50% Graphite
Copper - 33% Graphite
60,000 psi
40,000 psi
60,000 psi
60,000 psi
60,000 psi
NOTE: Per centages expressed as percent of total volume.
Run No. Material
Frequency
kHz
0.764
1.500
1.193
2.712
2.424
1.762
2.222
21.6
29.0
39.8
51.1
26.7
42.9
80.0
28.3
19.5
33.3
18.9
II .7
24.3
35.6
Legend:
I -
2 -
3 -
4 -
5 -
6 -
TABLE I I I
Tests of Sintered Electrodes and Airdi 150 Steel Using Reverse Polarity
Duty Cycle Current
Amps
Wear Ratio
in3/in3
Tool Erosion Workpiece
Rate Erosion Rate
10-5 in3  10-5 in3
min-amp min-amp
Tungsten
Tungsten2
Copper-Tungsten8
Copper2
Run No. Material
Frequency
kHz
41 1
42 1
55 1
62
0.101
0.115
0.818
0.608
1.7
2.2
13.5
17.8
17.0
19.3
16.5
30.0
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APPENDIX II
Physical Properties of Test Materials
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TABLE IV-l
Melting Temperatures and Densities of Bar Stock Electrodes
Melting Temperature Densit
Material F Wlb/in
Copper 1980 0.3128
Copper-Tellurium 1980 0.3126
Brass 1750 0.2980
Aluminum 1200 0.0957
Steel 2700 0.2746
kk#8 6200 0.0648
kk#10 6200 0.0659
TABLE IV-2
Melting Temperatures and Densities of Sintered Electrodes
Melting Temperature Densit
Material *F lb/in
Copper @ 40,000 psi 1980 0.2739
Copper @ 60,000 psi 1980 0.2910
Zinc @ 40,000 psi 786 0.2081
Zinc @ 60,000 psi 786 0.2351
Tungsten @ 40,000 psi 6170 0.4312
Tungsten @ 60,000 psi 6170 0.4453
Graphite @ 40,000 psi 6200 0.0612
Graphite @ 60,000 psi 6200 0.0641
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TABLE IV-2 (continued)
Melting Temperatures and Densities of Sintered Electrodes
Melting Temperature Density
Material *F lb/in
3
67% Graphite-33% Tungsten
@ 60,OOpsi 6170 0.2501
50% Graphite-50% Tungsten
@ 60,000 psi 6170 0.3000
33% Graphite-67% Tungsten
@ 60,000 psi 6170 0.3741
50% Copper-50% Tungsten
@ 40,000 psi 1980 0.2407
50% Copper-50% Tungsten
@ 60,000 psi 1980 0.2429
67% Copper-33% Tungsten
@ 40,000 psi 1980 0.2832
67% Copper-33% Tungsten
@ 60,000 psi 1980 0.2907
50% Copper-50% Graphite
@ 60,000 psi 1980 0.2264
67% Copper-33% Graphite
@ 60,000 psi 1980 0.2228
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TABLE V-1
Physical Properties of kk#10 Graphite Electrode
Average Particle Size:
Apparent Density (lb/in 3):
Flexural Strength (psi):
Electrical Resistance:
Forming Method:
28 Microns = 1.102 x 10-3 inch
0.0646 lb/in 3
4600
0.00034 ohm-inch
Molded
TABLE V-2
Physical Properties of kk#8 Graphite Electrode
Average Particle Size:
Apparent Density (lb/in 3):
Flexural Strength (psi):
Electrical Resistance:
Forming Method:
30 Microns = 1.181 x 10-3 inch
0.0596 lb/in 3
3700
0.00034 ohm-inch
Molded
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TABLE VI
Composition and Physical Properties of Airdi 150 Steel
Material: Airdi 150 Tool Steel
Supplier: Crucible Steel Company of America
Melting Temperature: 2700*F
Density: 0.2733 lb/in 3
Components:
Carbon - 1.50%
Chromium - 11.50%
Vanadium - 0.20%
Molybdenum - 0.80%
-51-
TABLE VII
Physical Properties of EDM Fluid
Tradename:
Supplier:
Type:
A.P.I. Gravity* (at 60*F):
Viscosity
(Sus at 100*F):
(Centistokes at 100 0F)
Color:
Flash (O.C.)
Fire (0.C.)
Oxidation Test
Spinesso 34
Humble Oil & Refining Company
Very light spindle oil
24-36
54-66
8.6-12.0
3 Max
Min. 275*F
Min. 300*F
1000 hrs. min.
Note: Meets or exceeds ASLE Standard S-60
*A.P.1. (American Petroleum Institute) same as degrees
Baume.
